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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The size of plastic zone and parameters characterizing damage within the zone are estimated by the methods of replicas, acoustic 
emission, metal magnetic memory, ultrasonic attenuation and finite elements analysis. The relation between the estimated physical 
parameters on the one hand and the plastic zone size and the characteristics of real damage in this zone, on the other, is established. 
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1. Introduction 
Evaluation of damage and residual life of structural elements by nondestructive methods is complicated by the 
absence of stable c rrelations between characteristics of the actual damage of the material at various stages of loading 
and the physical propertie  estimated by acoustic, agn tic and other non-destructive techniques. Most of studies only 
devoted to the analysis of the relationship between these properties, the loading parameters and mechanical properties 
(Shiotani et al., 2003, Carpinteri et al. 2009, Gorkunov et al. 2004, 2014). 
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Modeling of fracture processes is not always reflect the true nature of the defect development (Boyce 2014). This 
makes it necessary to evaluate the characteristics of the real damage. 
This work is devoted to the search for relation between the real damage of the material at different stages of loading 
and the characteristics evaluated by non-destructive techniques (acoustic and magnetic), and the parameters of 
localized deformation used in the simulation of fracture process by finite element analysis. 
 
Nomenclature 
r distance from the notch tip, mm, 
AE acoustic emission, 
MMM metal magnetic memory 
H intensity of self-magnetic field, A/m, 
lav average length of microcracks, μm, 
n density of microcracks, 1/μm2, 
bAE exponent in the power relation between the accumulated number of AE signals and their amplitudes, 
Nс number of microcracks, 
NAE number of acoustic emission signals, 
с exponent in the exponential relation that describe the cumulative size distribution of microcracks, 
bc  exponent in the power relation that describe the cumulative size distribution of microcracks, 
k concentration criterion of material damage, 
S relative area covered by microcracks, %, 
ε von Mises equivalent strain,  
α attenuation coefficient of ultrasonic waves, dB/mm. 
 
2. Material and Methods 
In the study, we used the low-carbon grade 20 structural steel (wt. %: 0.169 C, 0.212 Si, 0.357 Mn, 0.035 Ni, 0.069 
Cu, 0.047 Cr, and Fe for balance). This steel is widely applied in various fields of engineering and has a simple 
structure, which does not hinder searching for a relation between the physical properties and the damage characteristics 
of the material. The mechanical properties of the steel were σY=283 MPa, σU=435 MPa, δ=37%. 
Tensile tests of smooth rectangular specimens (dimensions: 20×80×5 mm) and notched specimens (Fig. 1a) were 
carried out at room temperature on Instron 3382 testing machine at a strain rate of 2 mm/min. 
The notched specimens were tested under in-plane shear conditions using grips proposed by Richard (1983) to 
perform shear at the notch tip on a standard uniaxial testing machine. The damage of material was estimated by 
methods of acoustic emission (AE), replicas, metal magnetic memory (MMM) and ultrasonic attenuation. 
AE signals were detected during tension of smooth specimens on a Physical Acoustics (USA) device in the 
frequency range 125–1000 kHz with broadband WD piezoelectric receivers, which have a resonance at a frequency 
of 125 kHz. The amplitude threshold of detection was set at 30 dB. After tests, we plotted the time dependences of 
the accumulation rate (����) and the total number of AE signals (∑���) and diagrams in coordinates “cumulative number of AE signals �∑���� – amplitude of AE signals (AAE)”. The angular coefficient of an amplitude distribution was used to estimate bAE-value by the linear approximation of the amplitude distribution of AE signals by the least 
squares method. Special purpose software package was then used to plot the time dependences of bAE-value, which 
relates the total number of signals to the amplitude according to the relation: 
�� � ���∑��� � ����� � ��� � ���. 
Using IKN-10M-8 magnetometer, the intensity of self-magnetic field was measured at tension of a smooth 
specimen by four two-component MMM transducers located at the same distance from each other along the gage 
portion of the specimen near its surface. 
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Fig. 1. (a) the geometry of notched 4 mm thick specimen; (b) the finite element model of specimen in Richard (1983) grips 
The intensity of self-magnetic field of planar notched specimens was measured on an IKN-5M-32 magnetometer 
using two-component MMM transducer along the grid lines with 2×1 mm cell size. According to the results obtained, 
the intensity of resulting self-magnetic field (H) was calculated and spatial distribution of H was plotted. As shown 
by Botvina et al. (2016), the MMM method allows to estimate the size of the fracture localization zone and the intensity 
of the local self-magnetic field at different distances from the tip of the stress concentrator. 
To determine the stress-strain state of the specimen during loading the finite element analysis was applied. The 
specimen numerical model was created in ANSYS (Fig. 1b). This model took into account Richard grips for a more 
detailed consideration of loads applied to the specimen. Equivalent von Mises strain ε in the numerical simulation was 
used for a damage assessment. For numerical calculation, we used a higher order 3-D 20-node solid elements that 
support large deformations (solid186). The volume of the specimen near the notch tip was meshed by 864 mapped 
hexahedral elements. The remaining areas of the specimen and the grips were meshed by 14082 free tetrahedral 
elements. The model of multi linear isotropic (MISO) hardening material and stress-strain curve were used. Loads on 
the specimen in numerical model were applied by displacement of the Richard grips holes. 
For studying the damage accumulation process and the development of plastic zones, the silicone replicas were 
utilized. The replicas were removed from a polished specimen surface in the notch area at various stages of static 
loading and then were analyzed with an Olympus GX-51 optical microscope equipped with a digital camera. 
By processing images with an image analysis program the length (lc) and the density (n) of microcracks at various 
distances from a notch tip for several stages of loading were estimated. Cracks longer than 0.5 μm were considered 
because the smaller cracks could hardly be distinguished between large pores or pore chains. 
Using the measurement results the cumulative damage curves in the coordinates “total number of cracks (ΣNс) with 
a length larger than current length (lc)–crack length (lc)” were plotted; the relative area S covered by microcracks and 
the concentration criterion of material damage proposed by Zhurkov et al. (1969) were determined: 
� � ������ ∙ √��, 
where n and lav are the density and the average length of microcracks. 
According to Zhurkov et al. (1969) development of damage in material can be divided into two processes – 
accumulation and coalescence of defects. At k>3 the process of damage accumulation prevails, and at k<3 the process 
of microcracks coalescence begins. At the achievement of high microcrack density, the microcracks cannot be 
considered as separate and independent from the neighboring ones and the distance between the nearest microcracks 
becomes comparable with their sizes. 
The attenuation coefficient (α) of longitudinal ultrasonic waves was measured according to the standard technique, 
given in handbook of Klyuev (2004), using an EPOCH-4 (Panametrics) ultrasonic flaw detector at a frequency of 10 
MHz. 
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3. Results 
3.1. Estimation of the AE characteristics, intensity of the self-magnetic field and damage parameters of a smooth 
specimen 
Using the AE data obtained during tension of smooth specimens, we were able to separate the main stages of 
deformation with a high AE intensity ṄAE. The first AE peak corresponds to reaching macroscopic yield strength σY 
(Fig. 2a). These signals are related to dislocation motion and have a low AE amplitude, which is indicated by relatively 
high bAE-values (Fig. 2b). Upon further deformation of the specimen, the AE activity and bAE-value decrease sharply. 
The next AE peak is observed before the stage of localized deformation (Fig. 2a). This stage is also characterized 
by high bAE-values. Before the third AE peak, corresponding to the stage of localized deformation with necking, bAE–
value decreases sharply (from 2,0 to 1,1), which is caused by an increase in the high-amplitude AE signals 
characterizing the microcrack propagation and coalescence, i.e., by a significant increase in the damage. 
Thus, an analysis of the bAE-value changes gives additional information on the fracture and signal emission kinetics, 
which can hardly be analyzed only from the activity of AE signals. Therefore, the conclusion regarding the nature of 
both deformation and damage accumulation processes at the third AE peak could only be drawn by analyzing the time 
dependence of bAE-value. Such an approach can be used to formalize and to substantially simplify the analysis of the 
amplitude distribution of AE signals. 
The revealed decrease of bAE-value is in agreement with the data obtained by Shiotani et al. (2003) for estimation 
of the functionality of cement materials. Carpinteri et al. (2009) showed that in building structures, as the load 
increases, bAE-value decreases from 1.5 at the stage of crack nucleation to 1.0 at the stage of crack development at the 
load of 0.8 of the ultimate load. Therefore, authors concluded that a decrease in this parameter indicates both the 
beginning of microcrack coalescence and the load level. Such a change in bAE-value before fracture is also observed 
for a metallic specimen (Fig. 2b). Thus, it is shown that bAE-value is sensitive to a change in fracture mechanisms and 
can be used as a forecasting criterion. 
The joint analysis of stress-time curve and time dependence of the self-magnetic field intensity (Fig. 2c) shows that 
specific points on the stress-time curve, corresponding to the strength characteristics, are consistent with the specific 
points on the time dependence of self-magnetic field intensity measured in the process of loading. Thus, point I in Fig. 
2c corresponds to the proportionality limit of the specimen, and the point II – to the yield strength. The maximum 
value of the self-magnetic field intensity responds the stage preceding the localization of deformation and increasing 
in the AE activity (the second peak in Fig. 2a). At the stage of localized deformation of the specimen, the decrease in 
self-magnetic field intensity H is observed, which agrees with a decrease in bAE-value (Fig. 2b). 
 
Fig. 2. (a) stress-time diagrams of smooth low-carbon steel specimen combined with the time dependencies of AE activity ṄAE; (b) bAE-value; and 
(c) the resulting intensity of self-magnetic field H 
The microcrack patterns observed on the smooth specimen surface were obtained at different stages of tension 
(points 1-3 on Fig. 2) using the replicas. The microcrack pattern on Fig. 3a (point 1 on Fig. 2) corresponds to stage of 
increase in the AE activity before second peak and to maximum intensity of self-magnetic field after which the 
decrease in H occurs. Point 2 on Fig. 2 corresponds to the ultimate stress and the stage of localized deformation of 
specimen. Damage pattern at this point is shown in Fig. 3b. Maximum damage was observed at point 3 before the 
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fracture of the specimen (Fig. 3c). At this stage bAE reaches value of 1.1. Processing of damage patterns has allowed 
plotting time dependences of relative area covered by microcracks S and concentration criterion of material damage k 
(Fig. 3d). As seen from the Fig. 3d, during the tension of the specimen an increase in relative area covered by 







Fig.3. (a-c) the microcrack patterns in points 1-3 on Fig. 2; (d) time dependences of relative area covered by microcracks S and concentration 
criterion of material damage k 
3.2. Relation between the damage characteristics of the material and the intensity of the self-magnetic field in the 
plastic zone of notched specimen 
With an optical microscope, we were able to observe the plastic zone (Fig. 4a) in notched specimen (Fig. 1a), which 
was found to be close to the plastic zone size in this specimen measured by the MMM method. Taking into account 
the estimated local intensity of self-magnetic field H in various sections of a notched specimen, we plotted the 
distribution of the H in the plastic zone and revealed the regions of equal intensity (regions 1–5 in Fig. 4b). Finite 
element analysis of stress-strain state of the specimen during test was carried out, and distributions of equivalent von 
Mises strains were obtained (the value of ε, Fig. 4b). 
The microcrack patterns (Fig. 5a, b) observed on the specimen surface were obtained along the crack growth 
direction at various distances, r, from the notch tip in the plastic zone. As would be expected, higher intensity of self-
magnetic field and higher equivalent von Mises strain correspond to larger microcrack density, length and opening. 
As was shown earlier by Botvina et al. (2008, 2013), Tyutin et al. (2005), the damage of material can be 
characterized by the following parameters: Nс, n, lav, k, S, bс and c (see Nomenclature for details). 
Using the estimated damage characteristics, we plotted cumulative microcrack length distribution curves (Fig. 5c) 
in coordinates of ΣNc –lc. These curves can be approximated by both power law (curve 1 in Fig. 5c) and exponential 
(curve 4 in Fig. 5c) functions: 
���∑�� � � �� � ��� ��, 
∑�� ������� � ���. 
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The exponents of these distributions, bс and c, decrease with increase in damage. 
 
 
Fig. 4. (a) the plastic zone at the notch tip of specimen under in-plane shear; (b) the distributions of equivalent von Mises strains, ε, and intensity 
of self-magnetic field, H, in the plastic zone: 1 – 5 - regions correspond to the local intensity of self-magnetic field of 100-80; 80-60; 60-40; 40-
20 and 20-0 A/m, respectively  
a b c 
Fig. 5. (a, b) the microcrack patterns in regions 1 and 4; (c) cumulative microcrack length distributions in regions 1 and 4 in Fig. 4b (solid and 
dashed lines correspond to experimental result and approximation, respectively) 
Figure 6 shows the dependences between concentration criterion, k, attenuation coefficient of longitudinal 
ultrasonic waves, α, and S. With increase in S, the attenuation coefficient, α, rises and concentration criterion, k, 
decreases. The increase in α is caused by the energy loss of an ultrasonic wave during its interaction with microcracks 
as was shown by Truell et al. (1969). The decrease in k indicates a significant increase in damage in the region close 
to the notch tip and is consistent with the decrease in bс and c, (Botvina et al., 2013, 2016). 
Figure 6b shows the dependencies of changes in concentration criterion, k, and attenuation coefficient of ultrasonic 
waves, α, with distance from the notch tip, r. As is evident from the figure, k and α are changed inversely with increase 
in r.  
Data analysis of distributions of self-magnetic field intensity and equivalent von Mises strain presented in Fig. 4b 
allows to make a conclusion that these characteristics decrease with increase in distance from the notch, r, and this is 
consistent with the changes of criterion k and S. 
As follows from obtained data, the increase in real damage, which is characterized by the changes of parameters S, 
bс, c, k, corresponds to the changes of physical damage parameters, estimated by MMM method, H, and ultrasonic 
attenuation technique, α. 
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fracture of the specimen (Fig. 3c). At this stage bAE reaches value of 1.1. Processing of damage patterns has allowed 
plotting time dependences of relative area covered by microcracks S and concentration criterion of material damage k 
(Fig. 3d). As seen from the Fig. 3d, during the tension of the specimen an increase in relative area covered by 







Fig.3. (a-c) the microcrack patterns in points 1-3 on Fig. 2; (d) time dependences of relative area covered by microcracks S and concentration 
criterion of material damage k 
3.2. Relation between the damage characteristics of the material and the intensity of the self-magnetic field in the 
plastic zone of notched specimen 
With an optical microscope, we were able to observe the plastic zone (Fig. 4a) in notched specimen (Fig. 1a), which 
was found to be close to the plastic zone size in this specimen measured by the MMM method. Taking into account 
the estimated local intensity of self-magnetic field H in various sections of a notched specimen, we plotted the 
distribution of the H in the plastic zone and revealed the regions of equal intensity (regions 1–5 in Fig. 4b). Finite 
element analysis of stress-strain state of the specimen during test was carried out, and distributions of equivalent von 
Mises strains were obtained (the value of ε, Fig. 4b). 
The microcrack patterns (Fig. 5a, b) observed on the specimen surface were obtained along the crack growth 
direction at various distances, r, from the notch tip in the plastic zone. As would be expected, higher intensity of self-
magnetic field and higher equivalent von Mises strain correspond to larger microcrack density, length and opening. 
As was shown earlier by Botvina et al. (2008, 2013), Tyutin et al. (2005), the damage of material can be 
characterized by the following parameters: Nс, n, lav, k, S, bс and c (see Nomenclature for details). 
Using the estimated damage characteristics, we plotted cumulative microcrack length distribution curves (Fig. 5c) 
in coordinates of ΣNc –lc. These curves can be approximated by both power law (curve 1 in Fig. 5c) and exponential 
(curve 4 in Fig. 5c) functions: 
���∑�� � � �� � ��� ��, 
∑�� ������� � ���. 
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The exponents of these distributions, bс and c, decrease with increase in damage. 
 
 
Fig. 4. (a) the plastic zone at the notch tip of specimen under in-plane shear; (b) the distributions of equivalent von Mises strains, ε, and intensity 
of self-magnetic field, H, in the plastic zone: 1 – 5 - regions correspond to the local intensity of self-magnetic field of 100-80; 80-60; 60-40; 40-
20 and 20-0 A/m, respectively  
a b c 
Fig. 5. (a, b) the microcrack patterns in regions 1 and 4; (c) cumulative microcrack length distributions in regions 1 and 4 in Fig. 4b (solid and 
dashed lines correspond to experimental result and approximation, respectively) 
Figure 6 shows the dependences between concentration criterion, k, attenuation coefficient of longitudinal 
ultrasonic waves, α, and S. With increase in S, the attenuation coefficient, α, rises and concentration criterion, k, 
decreases. The increase in α is caused by the energy loss of an ultrasonic wave during its interaction with microcracks 
as was shown by Truell et al. (1969). The decrease in k indicates a significant increase in damage in the region close 
to the notch tip and is consistent with the decrease in bс and c, (Botvina et al., 2013, 2016). 
Figure 6b shows the dependencies of changes in concentration criterion, k, and attenuation coefficient of ultrasonic 
waves, α, with distance from the notch tip, r. As is evident from the figure, k and α are changed inversely with increase 
in r.  
Data analysis of distributions of self-magnetic field intensity and equivalent von Mises strain presented in Fig. 4b 
allows to make a conclusion that these characteristics decrease with increase in distance from the notch, r, and this is 
consistent with the changes of criterion k and S. 
As follows from obtained data, the increase in real damage, which is characterized by the changes of parameters S, 
bс, c, k, corresponds to the changes of physical damage parameters, estimated by MMM method, H, and ultrasonic 
attenuation technique, α. 
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Fig. 6. (a) dependencies of concentration parameter, k, and attenuation coefficient of ultrasonic waves, α, vs. relative area, S, covered by defects 
in notched specimens; (b) dependencies of k and α, vs. distance from the notch tip, r  
The damage of a material was estimated from the magnetic characteristics of an induced rather than self-magnetic 
field in many works. For example, Gorkunov et al. (2004, 2014) obtained a relation between the magnetic 
characteristics (coercive force and residual induction) and the strain and the density of a deformed low-carbon steel 
measured by hydrostatic weighing. As the strain increases, the coercive force and the residual induction rise, that is 
thought to be associated with the evolution of dislocation and magnetic domain structures and the dislocation wall 
formation (which are effective sites of dislocation pinning). 
The MMM method proposed by Dubov et al. (2012) and Vlasov et al. (2004) used in this work is based on the 
detection of the self-magnetic field of the material. Therefore, in contrast to the method applied by Gorkunov et al. 
(2004, 2014), the metal magnetic memory method does not require preliminary magnetization, and the local damage 
in the stress concentrator zone can be estimated both during and after loading. 
The results obtained in this work demonstrate the relation between parameters of real damage and physical 
characteristics of nondestructive testing, including bAE-value, intensity of self-magnetic field and attenuation 
coefficient of ultrasonic waves. 
4. Conclusions 
A relation between the damage characteristics of low-carbon steel, its physical properties, including acoustic and 
magnetic parameters and results of finite element analysis was found. 
It was shown that: 
 specific points on the time dependences of the acoustic emission parameters and the local intensity of the self-
magnetic field respond to the specific points on the stress-strain curve, namely, the proportional limit, yield and 
ultimate strength; 
 the size of plastic and fracture localization zone determined by direct observation of the specimen surface using 
the optical microscope can be also estimated by MMM method; 
 the local self-magnetic field intensity H correlates with damage parameters (S, k, bс, α); 
 the damage development is accompanied by the change of an exponential cumulative size distribution of the 
number of microcracks by a power distribution; 
 the size and shape of the plastic zone correlate with the distribution of the equivalent von Mises strain computed 
using finite element analysis. 
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Fig. 6. (a) dependencies of concentration parameter, k, and attenuation coefficient of ultrasonic waves, α, vs. relative area, S, covered by defects 
in notched specimens; (b) dependencies of k and α, vs. distance from the notch tip, r  
The damage of a material was estimated from the magnetic characteristics of an induced rather than self-magnetic 
field in many works. For example, Gorkunov et al. (2004, 2014) obtained a relation between the magnetic 
characteristics (coercive force and residual induction) and the strain and the density of a deformed low-carbon steel 
measured by hydrostatic weighing. As the strain increases, the coercive force and the residual induction rise, that is 
thought to be associated with the evolution of dislocation and magnetic domain structures and the dislocation wall 
formation (which are effective sites of dislocation pinning). 
The MMM method proposed by Dubov et al. (2012) and Vlasov et al. (2004) used in this work is based on the 
detection of the self-magnetic field of the material. Therefore, in contrast to the method applied by Gorkunov et al. 
(2004, 2014), the metal magnetic memory method does not require preliminary magnetization, and the local damage 
in the stress concentrator zone can be estimated both during and after loading. 
The results obtained in this work demonstrate the relation between parameters of real damage and physical 
characteristics of nondestructive testing, including bAE-value, intensity of self-magnetic field and attenuation 
coefficient of ultrasonic waves. 
4. Conclusions 
A relation between the damage characteristics of low-carbon steel, its physical properties, including acoustic and 
magnetic parameters and results of finite element analysis was found. 
It was shown that: 
 specific points on the time dependences of the acoustic emission parameters and the local intensity of the self-
magnetic field respond to the specific points on the stress-strain curve, namely, the proportional limit, yield and 
ultimate strength; 
 the size of plastic and fracture localization zone determined by direct observation of the specimen surface using 
the optical microscope can be also estimated by MMM method; 
 the local self-magnetic field intensity H correlates with damage parameters (S, k, bс, α); 
 the damage development is accompanied by the change of an exponential cumulative size distribution of the 
number of microcracks by a power distribution; 
 the size and shape of the plastic zone correlate with the distribution of the equivalent von Mises strain computed 
using finite element analysis. 
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